MENX is a recessive multiple endocrine neoplasia-like syndrome in the rat. The tumor spectrum in MENX overlaps those of human multiple endocrine neoplasia (MEN) types 1 and 2. We mapped the MenX locus to the distal part of rat chromosome 4, excluding the homologs of the genes responsible for the MEN syndromes (RET and MEN1) and syndromes with an endocrine tumor component (VHL and NF1). We report the fine mapping of the disease locus and the identification of a homozygous frameshift mutation in Cdkn1b, encoding the cyclin-dependent kinase inhibitor p27 Kip1 . As a consequence of the mutation, MENX-affected rats show dramatic reduction in p27 Kip1 protein. We have identified a germ-line nonsense mutation in the human CDKN1B gene in a MEN1 mutationnegative patient presenting with pituitary and parathyroid tumors. Expanded pedigree analysis shows that the mutation is associated with the development of an MEN1-like phenotype in multiple generations. Our findings demonstrate that germ-line mutations in p27 Kip1 can predispose to the development of multiple endocrine tumors in both rats and humans.
I
n humans, the multiple endocrine neoplasia (MEN) syndromes are inherited as autosomal-dominant traits, and they are caused by mutations of either the RET protooncogene (MEN2A, MEN2B) or the MEN1 tumor-suppressor gene (MEN1). We have identified an MEN-like syndrome (MENX) in the rat (1) , with a phenotypic overlap of both MEN1 and MEN2. Affected animals develop bilateral pheochromocytomas and parathyroid adenomas, multifocal thyroid C cell hyperplasia, paragangliomas (1) , and endocrine pancreas hyperplasia (N.S.P. and M.J.A., unpublished observation). In addition, affected animals develop bilateral cataracts in the first few weeks of life. In contrast to the human syndromes, MENX is inherited recessively (1) . We have mapped the locus to a 20-megabase region of distal rat chromosome 4 (2) . This linkage analysis has excluded the rat homologs of the RET and MEN1 genes as well as other genes implicated in cancer syndromes with an endocrine tissue component (namely, VHL, NF1, and the succinate dehydrogenase subunits B, C, and D genes). Therefore, the MENX syndrome is caused by an alteration in a gene not previously associated with predisposition to syndromic endocrine cancer.
The identification of the genes responsible for MEN1 and MEN2 has enabled the genetic diagnosis, and hence early detection, for patients with suspected endocrine tumor syndromes. Noteworthy, however, is the number of patients with MEN1 who are lacking a detectable germ-line MEN1 mutation (3, 4) . These patients represent a difficult group to counsel and manage clinically. It has been generally assumed that mutation-negative MEN1 patients still have mutations in the MEN1 gene but that the mutations are outside the gene regions that are typically sequenced. Genetic heterogeneity for the MEN1 phenotype in humans is not expected, and it has not been described. Theoretically speaking, mutation-negative, suspected MEN1 cases might also be caused by mutations in stillunidentified predisposing genes.
We describe the fine mapping of the MenX locus and identification of the Cdkn1b gene, which encodes the cyclin-dependent kinase inhibitor (CKI) p27
Kip1 , as the gene responsible for the MENX syndrome. An 8-bp tandem duplication in Cdkn1b exon 2 causes a frameshift mutation leading to extreme reduction of p27 Kip1 in vivo. Supporting our conclusion that mutation of p27
Kip1
is responsible for the phenotype is the presence of a germ-line nonsense CDKN1B mutation in a suspected MEN1 patient without mutations in MEN1, thus establishing an association between germ-line mutation of the putative tumor-suppressor p27 and a heritable cancer syndrome.
Results

Fine Mapping of the MenX Locus and Identification of Candidate
Genes. We performed linkage analysis of 151 animals obtained from the [Sprague-Dawley white eye (SD we ) ϫ Wistar-Kyoto] F1 ϫ SD we ͞SD we backcross (for nomenclature, see Materials and Methods). This analysis placed the MenX locus in a genomic segment of Ϸ3 megabases on rat chromosome 4 (Fig. 1A) . After determining the expression profile in silico and the putative function of the genes located in this region, candidate genes were screened for mutations. Among them was Cdkn1b, encoding the CKI p27 Kip1 . p27
Kip1 (hereafter referred to as p27) is expressed in all tissues that develop tumors in affected rats. Moreover, p27-knockout mice develop tumors in the pituitary intermediate lobe (5) (6) (7) , a tissue that is also affected in the MENX syndrome. The putative tumor-suppressor function of p27 is consistent with the recessive mode of inheritance observed in MENX rats. We sequenced the Cdkn1b gene in affected and unaffected littermates as well as in seven commercially available inbred rat strains. Affected rats (hereafter indicated as mut͞mut) are homozygous for a tandem duplication of 8 nt in exon 2 of Cdkn1b: c. 520-528dupTTTCA-GAC (NM013762.2) (Fig. 1B) . This mutation was not found in any inbred rat strain. The 8-nt insertion results in a frameshift after codon 177 (p. G177fs), predicting a different C-terminal domain containing 42 p27-unrelated amino acid residues (Fig. 1C) . The C terminus of the mutant p27 protein (hereafter referred to as p27G177fs) has no homology to proteins in the Swiss-Prot database.
The Mutant Cdkn1b Allele Encodes a Protein That Is Absent or Present
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mates of the three p27 genotypes (ϩ͞ϩ, ϩ͞mut, mut͞mut). Total RNA was extracted from frozen spleen, thymus, and adrenal glands. RT-PCR and sequencing using several primer sets established that the mutant allele is transcribed and spliced at sites used in wild-type (WT) p27 mRNA ( Fig. 2A) .
To determine the level of expression of the mutant mRNA, we performed quantitative real-time RT-PCR. The primers and probe for this assay allow for the simultaneous amplification and detection of both WT and mutant Cdkn1b transcripts. In thymus and spleen (unaffected tissues) of ϩ͞ϩ and mut͞mut rats, there were comparable levels of Cdkn1b mRNA (Fig. 2B ). Adrenal glands (affected tissue) of mut͞mut animals show a higher level of the mutant p27 transcript than the WT p27 in ϩ͞ϩ animals. The analysis of additional endocrine and nonendocrine tissues showed that the mutant Cdkn1b transcript is expressed at levels comparable with the normal one in pituitary gland, thyroid, liver, and testis and at a lower level than the WT allele in lung and kidney (Fig. 6A , which is published as supporting information on the PNAS web site). In conclusion, mut͞mut rats show a tissue-specific relative amount of the mutant Cdkn1b mRNA.
Expression of the p27G177fs protein was analyzed by Western blotting in the same tissues as in Fig. 2 A. p27G177fs was undetectable in spleen and adrenals of mut͞mut rats (Fig. 2C) . A faint band was visible in thymus of affected rats, and the size of this band is in agreement with that predicted based on the mutant p27 mRNA sequence (see also Fig. 6B ). Heterozygous animals showed a reduced amount of native p27 protein, and the mutant band was not detectable. Blots were stripped and reprobed with antibodies against p27-binding partners and other members of the WAF͞KIP CKI protein family. Cyclin D1, cyclin E, and cyclin-dependent kinases 2 and 4 (Cdk2 and Cdk4, respectively) expression is depicted in Fig. 2C , which shows no differences in expression between p27mut͞mut and p27ϩ͞ϩ rats. SKP2, p21, and p57 were undetectable in the tissues examined (not shown).
Immunohistochemistry (IHC) using a monoclonal anti-p27 antibody was performed on a broad panel of endocrine and nonendocrine tissues from 2-month-old rats of the three p27 genotypes. Heterozygous rats showed a pattern of p27 staining similar to that of the ϩ͞ϩ rats, and therefore these results are not shown. The results of the IHC confirm that mut͞mut rats have extremely reduced (thyroid, thymus, parathyroid, and brain) or absent (adrenals, pituitary, lung, kidney, liver, and testis) p27 protein expression (Figs. 6 C-P and 7, which are published as supporting information on the PNAS web site). In contrast, ϩ͞ϩ animals show strong nuclear staining for p27 in all tissues. The reduced staining of p27 in mut͞mut rats could be caused by degradation of the protein during the G 1 ͞S phase transit (8, 9) if more cells are proliferating in mut͞mut versus ϩ͞ϩ rats. However, staining with the proliferation marker Ki-67 showed no difference in the percentage of proliferating cells between ϩ͞ϩ and mut͞mut tissues (data not shown). In conclusion, regardless of the abundance of the mutant Cdkn1b transcript, p27 protein is dramatically reduced͞absent in the tissues of mut͞mut rats.
Comparison of Phenotype of p27mut͞mut Rats and p27؊͞؊ Mice. The protein encoded by the mutant p27 allele (p27G177fs) is mostly not present in the tissues of affected rats, thereby making the MENX animal model similar to the p27-knockout (Ϫ͞Ϫ) mice. p27Ϫ͞Ϫ mice develop normally, but they display a 20-30% increase in body weight compared with WT littermates (5-7). Although several tissues show hyperplasia (ovaries, testis), because of increased cellularity, p27Ϫ͞Ϫ mice develop pituitary intermediate lobe ad- enomas as the sole tumor phenotype. Cataracts have not been reported. In agreement with the p27-deficient mice, the p27mut͞ mut rats also show increased body weight compared with the ϩ͞ϩ littermates (Fig. 8A , which is published as supporting information on the PNAS web site). The size of the thymus of mut͞mut rats is Ϸ3-5 times that of normal littermates (Fig. 8B ) because of increased cellularity as in p27Ϫ͞Ϫ mice and not because of malignant growth. Heterozygous p27ϩ͞mut rats have an intermediate body weight but no increase in thymic size. The life span of the mutant animals averaged 243 Ϯ 60 days, whereas that of their nonaffected littermates averaged 519 Ϯ 60 days. The overall survival of ϩ͞mut rats is the same as that of WT animals, confirming the recessive phenotype of MENX (Fig. 9 , which is published as supporting information on the PNAS web site).
p27G177fs Expression in Hyperplastic͞Tumor Tissues of mut͞mut
Rats. To correlate tumor progression with p27 expression, we killed littermates at 2, 4, 6, and 8 months of age. The first lesions occur in the adrenal glands, where hyperplastic areas are visible in affected rats at 2 months of age. At 4 months of age, mut͞mut rats also show multifocal pituitary hyperplasia. At 6 months or older, they have developed infiltrating adrenal medullary tumors (pheochromocytomas), multifocal pituitary adenomas, and thyroid medullary cell hyperplasia (Fig. 10 A-I , which is published as supporting information on the PNAS web site). Hyperplastic͞tumor cells showed no staining for p27 protein by IHC. Moreover, all tissues, regardless of the stage of the lesions, showed Ͻ1% positivity for the proliferation marker antigen Ki-67 (data not shown). Occasionally, tumors in older rats (8 months or older) showed small foci of cells with weak nuclear p27 positivity. To verify whether the expression of p27G177fs in these tumor areas was caused by an increased transcription rate of the mutant allele, we microdissected p27-positive nodules and adjacent p27-negative areas from the adrenal glands of two independent mutant rats and performed real-time RT-PCR. The transcriptional level of mutant Cdkn1b mRNA in both areas is not significantly different, and it is similar to the level observed in normal adrenal medullary cells (Fig. 10L and data not  shown) . Thus, the presence of the mutant p27 protein in isolated tumor areas is the result of posttranscriptional regulatory mechanisms associated with tumor progression. (3, 4) . Although some of this gap is expected to be caused by inactivating mutations in the noncoding regions of MEN1, some MEN1 mutation-negative cases are candidates for an MENX-like mutation in CDKN1B. Patient N, a 48-year-old Caucasian female, developed acromegaly and had a 3-cm pituitary tumor removed when she was 30. Histologically, the tumor was an invasive pituitary adenoma with growth hormone hyperproduction, high mitotic activity, and cell atypia. Sixteen years later, she was diagnosed with primary hyperparathyroidism, likely caused by parathyroid hyperplasia or adenoma, but she has not yet been operated. Sequencing of MEN1 revealed no mutations despite an MEN1 phenotype. We sequenced the complete coding region and 140 bp of the 5Ј untranslated region of the CDKN1B gene in this patient, and we identified a germ-line heterozygous TGG 3 TAG nonsense mutation at codon 76 (c. G692A, NM004064) (Fig.  3A) . This mutation predicts premature truncation of the p27 protein at codon 76 (p. W76X) (Fig. 3A) . This mutation was not observed in 380 unrelated healthy controls, confirming that it is neither a polymorphism nor a rare variant but indeed a unique pathogenic mutation. Additional family members agreed to take part in the study, and the partial pedigree of the proband's family is shown in Fig. 3B . The proband's mother (I-2) and one sister (II-2) are mutation-negative. The proband's older sister II-4 is a mutation carrier. She was diagnosed at age 55 with renal angiomyolipoma, an MEN1-associated nonendocrine tumor (10) . The proband's youngest sister (II-3; age 44) and her teenage daughter carry the germ-line mutation. They reported no symptoms, but they did not undergo a thorough medical examination; therefore, the presence of early endocrine lesions cannot be excluded. Interestingly, in MEN1, up to 40% of patients manifest a first phenotypic feature after 40 years of age (11) . No mutations in the MEN1 gene were found in the CDKN1B mutation-positive individuals II-3 and II-4. The proband's father had acromegaly, as the proband, and her brother (II-5) died at age 39 from hypertension (pheochromocytoma cannot be excluded). The son of the mutation-positive sister, individual III-3, developed testicular cancer at age 28. No samples from the father (I-1) and from individuals II-5 and III-3 were available for further analysis. A series of microsatellite markers in close proximity to CDKN1B on chromosome 12 was used to trace the inheritance of CDKN1B alleles over generations (Fig. 3C) . We infer that the affected haplotype is inherited from the proband's father. The renal angiomyolipoma of sister II-4 was available for molecular analysis; direct sequencing revealed the presence of both CDKN1B alleles in tumor DNA (Fig. 3D) . The absence of loss of heterozygosity of the WT allele was confirmed by amplifying the markers shown in Fig. 3C in both normal and tumor tissue DNA (data not shown). We performed RT-PCR on normal and tumor tissue RNA, and then we sequenced the product obtained; both alleles are transcribed in both tissue areas (Fig. 3D) . Although the tumor tissue retains the CDKN1B WT allele and expresses it at the RNA level, it shows no p27 protein staining (Fig. 3D) .
Intracellular Localization of the Mutant p27
Proteins. In many cellular systems, p27 is regulated posttranscriptionally at the levels of protein translation, stability, and subcellular localization (8, 9) . Cytoplasmic relocation, the result of phosphorylation or sequestration by partner proteins, plays an important role in regulating p27 function. To determine the effect of the rat and human p27 mutations on protein localization, we generated the following Myc-tagged proteins: WT p27, p27G177fs (MENX), p27G177X (artificial truncation), and p27W76X (human mutation) (Fig. 4A) . The p27G177X construct was generated to determine whether the presence of the p27-unrelated C-terminal region of the p27G177fs protein affects the localization of the protein.
Transient transfections were performed in Rat2 immortalized rat fibroblasts and in human MCF-7 and embryonic kidney (HEK) 293T cell lines. Western blotting showed that the fusion proteins are all expressed (Fig. 4B) . Notably, the p27G177fs and p27W76X proteins are expressed at a lower level compared with the WT p27 or the p27G177X fusion proteins, despite comparable transfection efficiencies (assessed by fluorescence-activated cell sorting). Dilution experiments showed that p27G177fs and p27W76X are reduced Ϸ6-fold compared with the WT p27 protein (Fig. 4C) . This phenomenon was reproducibly observed in all cell lines and for independent DNA clones of the same constructs. We determined the cellular localization of the fusion proteins by using an anti-Myc antibody and indirect immunofluorescence (Fig. 4D) . During transfection, both WT p27 and p27G177fs localized mainly in the nucleus (Fig. 4D) . Both the p27G177X and the p27W76X proteins are retained in the cytoplasm (Fig. 4D) . Similar results were obtained in all cell lines. These experiments show that p27G177fs retains the ability to transfer into the nucleus, but it is expressed at a lower level than WT p27 (in agreement with the in vivo data of the IHC), whereas the W76X mutation prevents the truncated p27 protein from entering the nucleus, the cell compartment where p27 exerts its function as a cell cycle inhibitor.
Discussion
We report here a previously unknown gene mutation mechanism responsible for MEN, detecting germ-line mutations in both the rat Cdkn1b gene and the human CDKN1B gene. The mutations we identified behave as loss-of-function mutations: the rat Cdkn1b insertion is responsible for the loss of protein in vivo, whereas the truncated human p27 protein is not transferred to the nucleus, where p27 is required to bind to cyclin-Cdk complexes and inhibit cell cycle progression.
After the identification of p27 as a key regulator of cell cycle progression, somatic mutations of the CDKN1B gene have been sought by various groups in the major tumor types. Only a handful of somatic mutations (and no germ-line mutations) have been reported in the hundreds of human tumor samples so far analyzed (12) (13) (14) . Because mutations in p27 are extremely rare in human cancers, there has been some debate as to whether p27 is a bona fide tumor-suppressor gene. The presence of hemizygous loss of p27 in hematopoietic malignancies (15, 16) and the reduced expression in many tumor types (17) support the hypothesis of a tumorsuppressor role of p27 in tumorigenesis. The finding that a germline heterozygous truncating CDKN1B mutation predisposes to an MEN1-like phenotype provides definitive proof that in endocrine cells, p27 plays an important role as a tumor suppressor, and its inactivation leads to multitissue tumor formation in humans. It also establishes a causal role between p27 alterations and tumor formation in humans.
p27-deficient mice are relatively free of malignancies, with the exception of hyperplasia of the pituitary intermediate lobe, which develops into adenoma with age (5-7). When they are challenged with mutagenic agents (18) , heterozygous p27ϩ͞Ϫ mice are predisposed to increased tumor multiplicity in diverse sites, suggesting that p27 acts as a dose-dependent tumor suppressor in mice. A similar dosage effect could be at work in human tumors because hemizygous deletions of the p27 locus 12p13 have been detected in leukemias and lymphomas without mutation of the wild-type allele (15, 16) . The only tumor sample from a CDKN1B mutation-positive individual available for molecular analysis (i.e., renal angiomyolipoma of individual II-4) showed expression of both alleles at the mRNA level but no p27 protein expression. Therefore, in this tumor, p27 behaves as a classical tumor suppressor.
Although p27-null mice show hyperplasia in multiple organs, they develop pituitary adenomas as the sole tumor phenotype. p27mut͞ mut rats develop a broader spectrum of neuroendocrine tumors. The difference in the sensitivity of various tissues to p27 loss could be the result of defined species-specific temporal and spatial expression patterns of p27. The eye phenotype is an example of species-specific effects in mouse versus rat (see below).
Although the eye phenotype is not the focus of the present study, it is worth mentioning that p27mut͞mut rats also develop bilateral, juvenile cataracts (1). The presence of both tumors and cataract lesions in affected rats suggests that failure to commit to terminal differentiation may be responsible for the MENX phenotype. In mice, loss of p27 does not affect lens development because the main pathway regulating this process involves p57 (a member of the same CKI family; ref. 19 ). p27 expression and consequent cell cycle arrest become important in the absence of p57 because mice mutant for both of these CKIs have more severe developmental defects in the lens, and they show nuclei in the lens fiber compartment, signs of ectopic cell proliferation and failure of terminal differentiation during lens fiber formation (19) . In agreement with those observations, also in p27mut͞mut rats numerous epithelial cells remain within the lens tissue (Fig. 11 , which is published as supporting information on the PNAS web site).
Recent studies suggest a link between p27 and the genes causing the human MEN syndromes. Menin, the product of the MEN1 gene, interacts with mixed-lineage leukemia family proteins in a histone methyltransferase complex that activates transcription of p27 and p18 (20, 21) . It has also been reported that inhibition of oncogenic RET activity results in down-regulation of p27 in thyroid medullary carcinoma cells (22) , likely through the Akt-mediated phosphorylation of the transcription factor AFX͞FKHR (23) . These studies indicate that p27 is an important readout of the Menin signaling pathway and a putative downstream target of oncogenic RET in endocrine cells. Whether p27 represents a ''gatekeeper'' in endocrine tumorigenesis warrants further studies. Down-regulation of p27 has been implicated in a variety of human cancers, and an inverse correlation between p27 protein levels and prognosis has been reported for several tumor types (17) . Therefore, restoring p27 expression (function) in tumor cells might be beneficial for the clinical outcome of the patient, making p27 a viable therapeutic target. Developing p27-specific intervention strategies requires understanding its role and regulation in normal and pathologic states. Our MENX model system of endocrine tumorigenesis offers the opportunity to expand the current knowledge about p27 functions and to study the response to therapeutic approaches for neuroendocrine cancers in vivo.
Materials and Methods
Animals and Crosses. The MENX phenotype was identified in a Sprague-Dawley (SD) rat colony, and it was maintained as reported in ref. 1 . Animals expressing the mutant phenotype were indicated as SD we ͞SD we for Sprague-Dawley white eye in reference to the presence of juvenile cataracts (1) . To fine map the MenX gene, we crossed SD we ͞SD we homozygous male rats with WistarKyoto female rats (both strains were obtained from Charles River Laboratories, Sulzfeld, Germany). We backcrossed F1 (WistarKyoto ϫ SD we ) females with SD we ͞SD we males to generate 151 F2 animals, of which 57 (38%) were affected. Anatomical and histologic analysis of rats was done as reported in Supporting Methods, which is published as supporting information on the PNAS website. See also ref. 24 . 
